Quantum criticality arises when a macroscopic phase of matter undergoes a continuous transformation at zero temperature. While the collective fluctuations at quantum critical points are being increasingly recognized as playing an important role in a wide range of quantum materials, the nature of the underlying quantum critical excitations remains poorly understood. Here we report in-depth measurements of the Hall effect in the heavy-fermion metal YbRh 2 Si 2 , a prototypical system for quantum criticality. We isolate a rapid crossover of the isothermal Hall coefficient clearly connected to the quantum critical point from a smooth background contribution; the latter exists away from the QCP and is only detectable through our studies over a wide range of magnetic field. Importantly, the width of the critical crossover is proportional to temperature, which violates the predictions of conventional theory and is instead consistent with an energy over temperature, E/T, scaling of the quantum critical single-electron fluctuation spectrum. Our results provide evidence that the quantum-dynamical scaling and a critical Kondo breakdown simultaneously operate in the same material. Correspondingly, we infer that macroscopic scale-invariant fluctuations emerge from the microscopic many-body excitations associated with a collapsing Fermi surface. This insight is expected to be relevant to the unconventional finite-temperature behavior in a broad range of strongly correlated quantum systems.
Quantum criticality arises when a macroscopic phase of matter undergoes a continuous transformation at zero temperature. While the collective fluctuations at quantum critical points are being increasingly recognized as playing an important role in a wide range of quantum materials, the nature of the underlying quantum critical excitations remains poorly understood. Here we report in-depth measurements of the Hall effect in the heavy-fermion metal YbRh 2 Si 2 , a prototypical system for quantum criticality. We isolate a rapid crossover of the isothermal Hall coefficient clearly connected to the quantum critical point from a smooth background contribution; the latter exists away from the QCP and is only detectable through our studies over a wide range of magnetic field. Importantly, the width of the critical crossover is proportional to temperature, which violates the predictions of conventional theory and is instead consistent with an energy over temperature, E/T, scaling of the quantum critical single-electron fluctuation spectrum. Our results provide evidence that the quantum-dynamical scaling and a critical Kondo breakdown simultaneously operate in the same material. Correspondingly, we infer that macroscopic scale-invariant fluctuations emerge from the microscopic many-body excitations associated with a collapsing Fermi surface. This insight is expected to be relevant to the unconventional finite-temperature behavior in a broad range of strongly correlated quantum systems.
Quantum critical point | YbRh2Si2 | Hall effect | dynamical scaling Q uantum criticality, epitomizes the richness of quantum effects in macroscopic settings [1] . The traditional description is based on the framework of Ginzburg and Landau [2] , which focuses on the notion of an order parameter, a classical variable. The order parameter delineates the symmetry breaking of the macroscopic phases, while its fluctuations at ever-increasing length and time scales characterize the approach towards a second-order quantum phase transition. For metallic antiferromagnets, this theory appears in the form of a spin-density-wave quantum critical point (QCP) [3, 4] . Here, the macroscopic fluctuations of the order parameter are described by a Gaussian theory at the fixed point, with a vanishing effective coupling among the collective modes in the zero-temperature (T = 0), zero-energy (E = 0) and infinitelength limit. Consequently [5] , the collective fluctuations will violate E/T -scaling.
By contrast, an unconventional class of quantum criticality, emerging from studies in recent years [1] , incorporates not only the slow fluctuations of the order parameter, but also some inherent quantum modes. For heavy-fermion metals, the new quantum modes are associated with a critical breakdown of the Kondo screening effect and the concomitant single-electron Kondo resonance excitations [6, 7, 8] . These new critical modes can lead to a critical field theory that is interacting, instead of Gaussian, and the collective fluctuations will satisfy E/T -scaling [9, 10] . The critical Kondo effect itself is manifested in the nature of microscopic single-electron excitations, with the Fermi surface undergoing a severe reconstruction at the QCP.
To date, there has been no experiment to determine that the critical Kondo destruction is the underlying mechanism for the dynamical E/T -scaling. In the heavy-fermion quantum critical material CeCu5.9Au0.1, the magnetic dynamics have been shown to display such a scaling [9] . In this material, however, the unconventional QCP appears only by tuning of chemical doping or pressure [11] ; consequently it has so far not been possible to probe its Fermi surface and related single-electron properties with sufficient resolution. The heavy-fermion system YbRh2Si2 features an unconventional QCP that is accessible by the application of a relatively small magnetic field [12, 13] , thereby allowing the study of magnetotransport across the QCP. While indications of a rapid Fermi surface change in YbRh2Si2 has appeared through the observation of a crossover in the Hall effect [14] , no information has been extracted on the dynamical fluctuation spectra of either the magnetic or single-electron excitations. Moreover, the Hall crossover has alternatively been interpreted in terms of a background contribution in the non-magnetic heavy-fermion phase through either minute valence variations [15] or Zeeman splitting of the bands [16, 17] , leaving the nature of the quantum critical single-electron excitations uncertain. In addition, the observation of sample dependences in the lowtemperature Hall coefficient raises the important question of how these affect the Hall crossover [18] . To resolve these fundamental issues, we carry out comprehensive, in-depth Halleffect measurements over a wide range of the control parameter, the magnetic field, down to very low temperatures. We establish a sample-dependent background component of the Hall crossover, which in turn allows us to isolate a critical component of the crossover with properties that are sampleindependent. In addition, we identify a robustly linear-intemperature width of the critical Hall crossover, which is compatible with a quantum-dynamical scaling of the critical single-electron excitations. Our findings lead to an unexpectedly direct linkage between the scale-invariant macroscopic fluctuations and the microscopic physics of a collapsing Fermi surface.
Results
We study the magnetotransport in tetragonal YbRh2Si2 using a crossed-field setup, in which two external magnetic fields are applied in perpendicular directions. This separation allows for a disentanglement between field-tuning of ground states through B2 and generation of Hall response through B1: One field, B1, along the magnetic hard c axis and perpendicular to the electrical current, is used to extract the initial slope of the Hall resistivity, ρH, i.e. the linear-response Hall coefficient, RH (see Supplementary Information I). The second field, B2, applied within the magnetically easy ab plane and along the current direction, is used as the control parameter together with the derivatives of the fitted functions (solid lines). The background crossover term corresponds to the non-zero constant offset. The critical crossover term is represented by the sharp peak near B 2c (marked by vertical arrow), whose full-width at half-maximum, FWHM, is defined as the crossover width (specified for one temperature by the red horizontal arrows). Standard errors of R H are typically of the size of the symbols.
that tunes the system from an antiferromagnetic ground state at low fields across the QCP towards a high-field paramagnetic state. The adjacent phases on both sides of the QCP obey Fermi liquid properties, like a quadratic temperature dependence of the resistivity [13] . We consider two samples, which span the whole range of sample dependences in the Hall coefficient (see Supplementary Information II). Figure 1 shows the isothermal linear-response Hall coefficient of our highest-quality sample as a function of B2. Two features are evident. First, for B2 much larger than the quan- T N (see Supplementary Information V), as already observed previously for ρ(T ) [13] .
Dashed lines are guides to the eye. Arrows indicate the Néel temperature. Standard deviations are smaller than the symbol size.
tum critical field, B2c, the Hall coefficient shows a sizable variation with the magnetic field; within the experimental error it is linear in B2. This background feature is likely due to Zeeman splitting [17] since no indication for a valence change [15] has been observed. The identification of this background feature is only possible because we have measured in a substantially extended range of B2 (see Supplementary Information I). Second, there is a sharp crossover feature that rides on top of the background contribution. This sharp feature is located near B2c, and will henceforth be termed the critical Hall-crossover component.
The inset of Fig. 1 further illustrates the systematic decomposition of the Hall crossover into the background and critical components. It plots −∂RH/∂B2 as a function of B2.
The background term appears as an underlying non-zero offset, while the critical term manifests itself as a sharp peak near B2c. More quantitatively, Fig. 1 shows the separation of the two components using a fitting procedure specified in the Methods section.
The critical component is characterized by the difference between R 0 H , the Hall coefficient before the crossover, and R The solid line represents a linear fit to all data sets with the magnetoresistivity data being well described up to 1 K, see dences are the effect of multiple Fermi surface sheets. The "small" (4f-core) and "large" (4f-itinerant) Fermi surfaces at fields below and above B2c in YbRh2Si2 are respectively dominated by two hole and one hole/one electron Fermi surface sheets [19] . Correspondingly, the step of RH as B2 increases through B2c is expected to be negative, as is indeed seen here. By contrast, the crossover position and the crossover width of the critical component show essentially no sample dependence within the experimental error. This is seen in Fig. 3 , which plots the full-width at half-maximum, FWHM, of ∂RH/∂B2 isotherms ( Fig. 1(b) ), and in Fig. 4 , which depicts the crossover field, B0, extracted from the fits to RH(B2) for a range of low temperatures in the temperature-magnetic field phase diagram.
To corroborate this fundamental finding, we have carried out two additional measurements. The standard single-field Hall-effect setup is used to monitor the differential Hall coefficientRH as a function of the magnetic field B1 applied along the crystallographic c axis (see Supplementary Information I). In addition, the magnetoresistivity, ρ, is measured as a function of a single field, B2, applied within the ab plane. Both ρ(B2) andRH(B1) can similarly be decomposed into background and critical terms (see Supplementary Information IV), with the critical crossover terms occurring near the basalplane critical field, B2c, and near the c-axis critical field, B1c, respectively; the ratio B2c/B1c will be used as the anisotropy ratio to convert the B1 scale into an equivalent B2. The zerofield and high-field values extracted from fits of the crossover function (eq. 5) to magnetoresistivity (ρ 0 and ρ ∞ ) and differential Hall coefficient (R fine a crossover energy scale (the T * -line) [14, 20] . Finally, the FWHM of the crossover inRH(B1) and ρ(B2) closely follow that of RH(B2) (see Fig. 3 ). We note that the onset of the quadratic form of R 0 H (T ) at TN (Fig. 2) is not accompanied by a similar signature in the FWHM at TN (Fig. 3 , see Supplementary Information IV and V). Therefore, the FWHM extrapolates to zero for T → 0 implying a jump of all three quantities (RH(B2),RH(B1) and ρ(B2)) at the QCP.
The sample independence of both the crossover position and the crossover FWHM strongly indicates that all the magnetotransport crossovers manifest the same underlying physics. Combined with the jump of the Hall coefficient and magnetoresistivity in the zero-temperature limit, they imply the interpretation in terms of a sharp Fermi-surface reconstruction at the magnetic QCP [14] over that based on the smooth physics of heavy quasiparticles [15, 17] .
Having isolated the critical component of the Hall crossover from the background term, we are now in the position to discuss the detailed nature of the QCP. For this purpose, we have not only carried out crossed-field and single-field Hall and (single-field) magnetoresistivity measurements over an extended field range for each temperature, but have also done so for a large set of temperatures in the low-T range. These efforts allow us to reach the important and entirely new conclusion that the crossover FWHM is proportional to temperature (Fig. 3) .
The Fermi surface is a property of the single-electron excitation spectrum. In any Fermi liquid, it spans the momenta, kF, at which the energy dependence of the single-electron Green's function develops a pole at the Fermi energy. Hence, a reconstruction of the Fermi surface across the QCP implies that the single-electron Green's function contains a singularity at the QCP. Indeed, the conduction-electron Green's function of a Kondo lattice system can very generally be written as
In the absence of static Kondo screening, the self-energy Σ(k, E, T ) is non-singular. Correspondingly, the Fermi surface is smoothly connected to that of the conduction electrons alone; it is small [22] . In the presence of static Kondo screening, Σ(k, E) develops a pole; for E and T small compared to the coherent Kondo scale, it takes the form
Here v * and ǫ * f specify the strength and energy of the Kondo resonance [21] , and ∆Σ(k, E, T ) is the non-singular term of the self-energy. The existence of this pole in Σ(k, E, T ) shifts the Fermi momenta from their positions on the small Fermi surface, kF, to those on a large Fermi surface, k * F . Approaching the point of critically-destroyed Kondo effect, the quasiparticle weight vanishes [6, 7] in accordance with the divergence of the quasiparticle mass seen in specific heat and resistivity [13, 22] . In particular, at the QCP, both the strength, v * , and the energy, ǫ * f , of the Kondo resonance (see eq. 2) go to zero in the E → 0 and T → 0 limit. Moreover, the interacting nature of the fixed point implies an E/T -scaling of the singleelectron Green's function: the reasoning is analogous to that for the dynamical spin susceptibility [6, 9] , and the property can be illustrated by explicit calculations in simplified model settings for critical Kondo destruction [23] . Similar forms of dynamical scaling of the single-electron spectra are likely a generic feature of other types of Kondo-destroying QCPs [7, 8, 24] ; they appear in related contexts as well [25, 26, 27] . It is worth noting that the linear-in-temperature electrical resistivity cannot be used as evidence for E/T -scaling of the single-electron excitations. Indeed, the temperature dependence of the electrical resistivity does not in general measure the temperature dependence of the single-electron relaxation rate and this is so even for spin-density-wave QCPs [28] . The scaling form for the single-electron Green's function in the quantum-critical regime can be expressed as follows:
The associated relaxation rate, defined in the quantum relaxational regime (E ≪ kBT ) according to
is linear in temperature: Γ(kF, T ) = cT , where c is a universal constant.
Discussion
We can use these properties of the single-electron Green's function to understand the crossover of the Hall coefficient. In the Fermi-liquid regimes on either side of the QCP, the Hall coefficient reflects the respective Fermi surface; it is in particular independent of the quasiparticle residue [29] The Hall coefficient must undergo a sharp jump in accordance with the experimental findings. At any non-zero temperature, a continuous crossover from one Fermi surface to the other is controlled by the single-electron relaxation rate Γ(kF, T ). Given the above described behavior of the Hall coefficient in the adjacent Fermi-liquid regimes with well defined but different Fermi surfaces, its crossover has to be related to the finite-temperature broadening of the critical single-electron states on the Fermi surface. Our observation of a linear-intemperature width of the critical Hall crossover is therefore consistent with a linear-in-temperature relaxation rate. By contrast, our experimental finding is incompatible with the spin-density-wave picture of order parameter fluctuations and the concomitant Gaussian fixed point, which would be accompanied by a superlinear temperature dependence of the Hall crossover width (see section VI of the Supplementary Information). The single-electron Green's function serves as the proper means to specify whether a metal obeys the standard theory of solids -Landau's Fermi-liquid theory. The fact that eq. (3), with a non-zero v * , i.e., a large Fermi surface across the QCP, fails to describe our data is consistent with a breakdown of the heavy-Fermi-liquid quasiparticles at the QCP. More generally eq. (3), reminiscent of the Green's function of gapless interacting electrons in one dimension [30] , invalidates any Fermiliquid description. By using a single set of measurements on the same compound to probe both the collective fluctuations of the QCP and a critical destruction of the single-electron excitations, our work provides the most direct association between quantum criticality and non-Fermi-liquid behavior.
In summary, we have carried out in-depth magnetotransport measurements in a prototypical quantum critical heavyfermion metal, and we are able to distinguish a robust critical crossover from a sample-dependent background feature. By zooming into the vicinity of the QCP, we have shown that the width of the critical crossover is not only independent of sample quality but also proportional to temperature. This proportionality is consistent with the E/T form in the dynamical critical scaling. Coupled with the fact that the vanishing width in the zero-temperature limit implies a jump in the Fermi surface, our findings point to the microscopic manybody excitations of a collapsing Fermi surface as underlying the dynamical E/T -scaling of the macroscopic critical fluctuations. Our results further establish the T ⋆ -line as a means to probe the Kondo breakdown. This should hold even when the Kondo breakdown is separated from the paramagnetic-toantiferromagnetic QCP [31] . In addition, they might help to understand why the two coincide in stoichiometric YbRh2Si2 and its close vicinity. More generally, the linkage between microscopics and macroscopics is expected to be broadly relevant to the physics of strong correlations, considering that the finite-temperature properties are invariably abnormal in a wide array of quantum materials, and given that the Fermi surface and its evolution as a function of control parameters -e.g. from the underdoped high-temperature cuprate superconductors to the overdoped ones [32, 33] -are playing an increasingly central role in understanding these systems.
Materials and Methods
The Hall crossovers in both the crossed-field (RH(B2)) and single-field (RH(B1)) experiments (see Supplementary Information I) were fitted with the empirical crossover function
that contains not only a critical component [14] but also a linear term mB to account for the background behavior. R Supplementary Information for "Fermi-surface collapse and dynamical scaling near a quantum critical point" 
Experimental Details
For the low-temperature Hall effect and magnetoresistivity measurements, a dilution refrigerator was utilized (T ≥ 18 mK). A solenoid along with a split-coil magnet allowed for Hall effect measurements in the crossed-field geometry which is sketched in Fig. S6(a) . In this setup the dual role of the magnetic field is unraveled by using one field (B1) to generate the Hall response and another field (B2) to tune the ground state of the sample across the quantum critical point. The small magnetic field (B1) provided by the solenoid is used to produce the linear-response Hall effect. Therefore it was oriented along the magnetic hard c axis and perpendicular to the electrical current flowing within the crystallographic ab plane. Consequently, the Hall voltage Vy is generated transverse to the current within the ab plane. The induced voltages were amplified by low-temperature transformers and the signals were measured by a standard lock-in technique. We extracted the Hall resistivity ρH as the antisymmetric component of the field-reversed transversal voltage, ρH(B1, B2) = t [Vy(+B1, B2) − Vy(−B1, B2)] /2I (with t being the thickness of the sample). The linear-response Hall coefficient RH(B2) was subsequently derived from the initial slope of the Hall resistivity ρH(B1, B2)|B 2
RH(B2) ≡ lim
for small fields B1 ≤ 0.4 T (cf. Fig. S5 ). The split-coil magnet generating the tuning field which tunes the material from the magnetic ground state to the paramagnetic one is applied within the magnetic ab plane. This magnet covers a range of B2 extending to a value as large as 4 T, nearly two orders of magnitude larger than the ab-plane critical field, B2c ≈ 0.06 T. The combination of the two magnets and the dilution refrigerator enabled us to access a wide range of both temperature and magnetic field. This was essential for extracting the temperature dependence of the FWHM as well as for the separation of the crossover and background contributions. The fitting of the isotherms was restricted to below 2 T for the crossed-field Hall results due to deviations from linearity at higher fields. These deviations are likely associated with the Zeeman-splitting of the bands, which becomes sizable in this field range since B2 is applied in the easy magnetic plane. In the case of the single-field Hall experiment (B2 = 0) (see Fig. S6(b) ), the differential Hall coefficient
was calculated and analyzed. The fitting of the differential Hall coefficientRH(B1) with eq. 3 of the main text leads to the parametersR
In the case of the single-field Hall experiment, the fitting was performed over the full field range up to 4 T.
Special care was spent to a precise alignment of the field B1 to be parallel to the c axis within less than 0.5
• . Such precise alignment is essential for the single-field experiment as a small component of this field within the ab plane could easily dominate the tuning due to the large magnetic anisotropy of the material.
The magnetoresistivity ρ(B2) (see Fig. S6 (c) for a sketch of the setup) was monitored during the crossed-field Hall-effect measurements. By an analogous fitting with the crossover function the corresponding parameters ρ 0 and ρ ∞ were extracted. We note that for the magnetoresistivity curves the linear term mB is negligibly small (cf. section S6).
Samples
Single crystals of YbRh2Si2 were synthesized using an indium flux-growth technique as described earlier [1] . An additional optimization of the initial composition and the temperature profile led to an improved sample quality. This is manifested in an almost doubled residual resistance ratio of sample 2 (RRR = 120) compared to sample 1 (RRR = 70). All samples were polished to thin (t 80 µm) platelets and prescreened via resistivity ρ(T, B) measurements to ensure indium-free samples.
Two different samples are considered. Sample 1 was taken from Ref. [2] and remeasured in the newly designed highresolution setup applying the precise alignment procedure described in section as a cross check. Sample 2 was chosen from our highest quality batch (see above). These two samples span the whole range of sample dependences in the low-temperature Hall effect [3] : the low-temperature Hall coefficient seems to depend on tiny changes of the composition (samples from the same batch, on the other hand, show identical behavior).
Anomalous Hall contribution
In heavy-fermion metals, an asymmetric scattering of the conduction electrons from the 4f moments -the skew scattering -leads to an anomalous contribution to the Hall coefficient mostly relevant at high temperatures [4] . However, our analysis of the crossover at the quantum critical point (QCP) is not affected by the anomalous Hall effect, since its contribution to the Hall resistivity
is essentially linear in field. It adds a small, but constant anomalous contribution R a H to the differential Hall coefficient with an absolute value of less than 0.07 × 10 −10 m 3 /C. This is negligible compared to the large variation of ∂ρH/∂B1 (compare vertical bars in Fig. S7 and Fig. S10(b) ). Furthermore, both the inflection point and the sharpness of the crossover are invariant to a constant offset. In eq. S8, C denotes a constant which was determined from fits to RH(T ) at high temperatures (≈ 100 K in YbRh2Si2) [5] where no sample dependences are observed [3] . The resistivity ρ(B1) was measured simultaneously, and the magnetization M (B1) for the relevant geometry (B c) was taken from Ref. [6] . Since the anomalous contribution does not influence our analysis, we have simply considered the raw data. Figure S7 shows the single-field Hall-effect results of YbRh2Si2 for sample 2. The crossover found in the differential Hall coefficientRH(B1) was fitted by the same crossover function as in the crossed-field experiment (eq. 3 of the main text). In particular, it is possible to identify the crossover and background contributions. The corresponding results and the fits for the crossed-field (RH(B2)) and the single-field (RH(B1)) experiments of sample 1 are shown in Fig. S8 . The magnetoresistivity (ρ(B2)) data are illustrated in Fig. S9 for sample 1 and 2 . Here, the same crossover function (eq. 3 of the main text) was used, with the linear term being negligibly small, m ≃ 0. We analyzed the magnetoresistivity crossover up to 1 K. This allows us to extract the FWHM over this enlarged temperature range as depicted in Fig. S10 proving that the width follows the unique linear temperature up to such high temperatures.
Crossovers in Hall effect and magnetoresistivity
No signature is seen in the temperature dependence of the FWHM for any of the experiments at the Néel transition (cf. main text). Only below 30 mK does the FWHM extracted from both the crossed-field Hall effect and the magnetoresistivity crossovers seem to tend slightly towards larger values compared to the overall linear temperature dependence, see Fig. 3 of the main text. We assign this to influences arising from the nearby classical phase transition as at this temperature the phase boundary is approached by the Hall crossover. This is seen in the phase diagram with the FWHM around the crossover field substantially extending into the magnetically ordered phase for temperatures below 30 mK only (cf. horizontal bars in Fig. 4 of the main text) , the temperature below which the seeming deviations from linearity occur. Further indications of this additional influence are observed in the crossed-field Hall coefficient curves which exhibit visible spread at lowest temperatures within the ordered phase (Fig.  1 of the main text and Fig. S10 ). The FWHM extracted from the single-field measurements on the other hand continues to obey the linear form down to the lowest temperatures accessed. Given this continuity, we consider the single-field data to represent the intrinsic quantum critical behavior. This property of the single-field experiment may arise from the fact that only here the tuningfield is applied along the magnetic hard axis. For this orientation the magnetization and consequently also the classical magnetic fluctuations are by almost one order of magnitude smaller compared to those for fields applied within the magnetic easy plane [6] . The latter configuration is realized in both the crossed-field Hall effect and the magnetoresistivity measurements.
Finally, we would like to note that within the experimental accuracy the FWHM of all the measurements is compatible with the linear form in the whole temperature range. Taking all this together, the data imply that the linear temperature dependence of the FWHM represents the behavior intrinsic to the quantum criticality. The vanishing FWHM implies a jump of the magnetoresistivity at zero temperature, in contrast to the common behavior of Kondo systems for which the width of the change in magnetoresistivity remains finite at zero temperature [7] . This represents a key element in our interpretation of the Hall crossover in terms of a Fermi-surface reconstruction.
Sample dependence of the background contribution
The temperature dependences of R 0 H and R ∞ H are shown in Fig. 2(a) of the main text for both samples. The results of the low-field value R 0 H are in good agreement with those of the measured zero-field (B2 = 0) initial-slope Hall coefficient RH(T ) (Ref. [3] ). This is non-trivial as R 0 H is the result of the fitting procedure specified in the Methods section of the main text, and not fixed to the zero-field value. Both, R 0 H (T ) and R ∞ H (T ) decrease as the temperature decreases. Below TN, the Hall coefficient clearly obeys a quadratic temperature dependence as demonstrated in Fig. S12(a) . This finding allows for a proper extrapolation of RH(T ) and R 0 H (T ) to T → 0 which in turn enables us to conclude that the difference between R 0 H and R ∞ H , i.e. the height of the Hall crossover, remains finite for both samples on approaching zero temperature. Identical observations were made for the parameters extracted from the magnetoresistivity crossover (Fig. S12(b) and Fig. 2(b) of the main text) as well as for those of the crossover in the single-field Hall effect (Fig. S11) .
The temperature evolution of the parameter m of eq. 3 of the main text (which describes the linear background) is shown in Fig. S13 for all Hall-effect experiments. The data for the single-field experiments are restricted to below 0.2 K due to the crossover extending over an increasingly large field range with increasing temperature. This prevents a proper determination of the background contribution within the field range of our experiment (cf. Fig. S7 and Fig. S8(b) ). The crossed-field results of sample 1 are limited to temperatures above 0.065 K due to a lack of high-field data at lower T (cf. Fig. S8(a) ).
Taking all these together we find a pronounced sample dependence for the quantities describing the background contribution whereas those associated with the critical crossover are essentially sample independent (cf. main text).
Single-electron Green's function and the Hall crossover
The single-electron Green's function, G(k, E, T ) (eq. 1 of the main text) on either side of the zero-temperature transition and at low temperatures, can be decomposed as
This decomposition is an immediate consequence of the fact that the phases separated by the QCP are taken to be Fermi liquids. Indeed, because of the jump of the Hall coefficient across the QCP, the Fermi liquids are taken to have large and small Fermi surfaces, respectively. The coherent part of G(k, E, T ) is given by
[ S10 ]
describing a quasiparticle, and G inc (k, E, T ) is a background contribution. The strength of the quasiparticle excitation, z k , formally defined as the residue of the pole, is non-zero in either phase. However, to be compatible with the continuous nature of the zero-temperature transition, z k must vanish as the QCP is approached: z k → 0 as B → Bc. At T = 0, the quasiparticle damping Γ k vanishes at the small Fermi-momenta kF for B < Bc, and at the large Fermi-momenta k * F for B > Bc; at these respective Fermi-momenta, the quasiparticles become infinitely-sharp excitations at zero temperature. The coherent part of G(k, E, T ) is therefore the diagnostic feature on either side of the transition, and it jumps at the QCP in accord with the sudden Fermi surface change.
This jump is manifested in the Hall measurement, because the Hall coefficient is independent of the quasiparticle residue. Note that our argument builds on the Landau Fermi-liquid nature of the phases on either side of the QCP, where the Fermi surface and the forms (S9) and (S10) are well defined. The Hall coefficient of a Fermi liquid is completely determined by the dispersion of the single-electron excitations near the Fermi surface [8, 9] . The fact that the quasiparticle residue does not appear in the Hall coefficient of a Fermi liquid can be seen in a number of related ways. It is known -both phenomenologically [10] and microscopically [11] -that the Boltzmann equation of a Fermi liquid does not depend on the quasiparticle residue; by extension, the Hall coefficient does not depend on the quasiparticle residue. The same conclusion is reached through a study of the Hall coefficient of a Fermi liquid using the Kubo formula [8] . Finally, for a spherically symmetric but otherwise arbitrary dispersion it has been shown explicitly by diagrammatic calculations that the Hall coefficient is not renormalized by the electron-electron interactions [9] .
At non-zero temperatures , the quasiparticle relaxation rate at either kF for B < Bc, or k * F for B > Bc, no longer vanishes. In fact, inside the Fermi-liquid phase (with either large or small Fermi surface), the temperature dependence of Γ k F has to be quadratic in T . However, the Fermi surface remains well defined in these regimes. At finite temperatures, the change from one Fermi surface to the other is therefore restricted to the intermediate quantum critical regime. Because of the absence of a phase transition at any non-zero temperature, the sharp reconstruction of the Fermi surface at T = 0 is turned into a Fermi-surface crossover across the T * (B) line. The restriction to the quantum critical regime implicates that the linear in temperature relaxation rate present in this regime determines the broadening of the Fermi surface change. From the relation of the Hall coefficient to the Fermi surface (described above) we associate the width of the Hall crossover with this broadening and consequently with the relaxation rate Γ of the single-electron Green's function.
To be more specific, consider a general scaling form for the single-electron Green's function at the Fermi momentum in the quantum critical region:
[ S11 ]
For a Gaussian fixed point, a dangerously irrelevant variable will invalidate E/T -scaling and make x > 1. Correspondingly, the single-particle relaxation rate Γ (defined in eq. 4 of the main text) will be superlinear in temperature and the Hall crossover width as a function of the magnetic field will in general not be linear in temperature. An interacting fixed point, on the other hand, can generate x = 1 with a relaxation rate that is linear in temperature and be compatible with the linear-in-T Hall-crossover width observed. An important question concerns the critical exponent y as defined by the T * (B) line, T * (B) ∝ (B − Bc) y . This scale equivalently specifies B * (T ), the center of the critical Hall crossover. In general, B * and FWHM are two independent parameters. Eq. 5, which fits our data very well (Figs. 1, S3 , S4, S5), invokes both parameters to characterize the critical component of the Hall crossover. We have already shown that the FWHM is robustly linear in temperature. For the T * (B) line, Fig. 4 of the main text suggests that the exponent y is less than 1 but its precise determination, especially from the Hall-effect measurements, requires accuracies beyond our present experiments. 
